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C l e a n u p g o a l s f o r sites a f f e c t e d b y inorgani c c on taminant so f t e n are e s tab l i shed on the basis of risk assessments,and these assessments rely on the e s t imated oral t o x i c i tyof the subs tances of concern. T h e s e t ox i c i ty estimatest y p i c a l l y are based on h i s t o r i c a l s tud i e s in which a s o l u b l esalt of the metal was d i s s o l v e d in water or mixed inf o o d and then i n g e s t e d by an animal or human. However,these t o x i c i t y s t ud i e s do not a c c o u n t f or the charac t er i s t i c sof a metal in soil or the l imi tat ions that these characterist icsp l a c e on enteric a b s o r p t i o n of that metal. T h e r e f o r e , amore accurate risk assessment must account for theb i oava i lab i l i ty of the metal in s i t e - s p e c i f i c soil, relative tothe b i o a v a i l a b i l i t y of the metal in the f o r m a d m i n i s t e r e d in thetox i c i ty s t u d y (i.e., the r e la t ive b i o a v a i l a b i l i t y of thee lement in so i l). His tor i ca l ly, r e la t ive b i o a v a i l a b i l i t y e s t imatesfor metals in soil have been based on in vivo S t u d i e s inlaboratory animal s . Given the costs and time cons traint sassociated with such s tudie s , it is c l ear that a more e f f i c i e n talternative is desirable. The most promising optioninvolves the d e v e l o p m e n t and v a l i d a t i o n of in vitro extractiontests that are p r e d i c t i v e of oral metal s b i o a v a i l a b i l i t yf r o m soil. S u c h tests would prov ide a rap id and inexpensivemethod for d e v e l o p i n g more accurate exposure est imatesfor use in human h e a l t h risk assessments. This p a p e rreviews the s i t e - s p e c i f i c in vivo s tudie s that have beenconducted to estimate the relative b ioavai lab i l i ty of arsenicand l ead in so i l , discusses the soil and m i n e r a l o g i e s !f a c t o r s that i n f l u e n c e the b i o a v a i l a b i l i t y of these e lements,and reviews the research to date on the development ofb i o a v a i l a b i l i t y - p r e d i c t i v e extraction tests for metal s in soil.Final ly , this p a p e r ou t l in e s an ongo ing c o l labora t iv eresearch p r o j e c t to f o r m a l l y v a l i d a t e an in vitro extract iontest for use in e s t imating the oral b i o a v a i l a b i l i t y ofarsenic and l ead in soil.
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I n t r o d u c t i o n
In this paper, we discuss ongoing research to develop andvalidate s imple extraction tes t s to estimate the oral bio-availability of metals f rom soil. Much of our currentunderstanding on this topic derives from in vivo estimatesof arsenic and lead bioavailability (i.e., studies in animalmodel s), which have been developed for predict ing humanexposures to these elements in soil. Given the expense andtime constraints associated with in vivo testing, developmentof accurate and inexpensive extraction tests that arepredictiveof relative bioavailability provides an opportuni ty to improvethe accuracy of risk assessments in a co s t - e f f e c t iv e manner.Such tests could be used both for site assessment and fordeveloping and evaluating remedial technologies, like soilwashing or soil amendments, that may have an impact onmetals bioavailability. Because the extraction tests that havebeen developed to date can be conducted for a small fractionof the cost of hi vivo studies, a s u f f i c i e n t number of samplescan be evaluated to f u l l y characterize soils at a site. In thelong run, it would be ideal to have simple, bioavailability-predictive extraction tests for all metals of human healthconcern, so that risk from metals hi soil could be assessedbased on the s i te-speci f ic fraction of bioavailable metals.The focus of this paper is on relative bioavailability a f t e roral exposure, because this route is typica l ly assumed toprovide the greatest exposure for metals in soil, and because

*Conespondingauthorphone: (303)444-7270; fax (303)444-7528;rubym@exponent.com.t Exponent Environmental Group, Boulder. .* Exponent Environmental Group, Bellevue.1 1 ISSI, Inc.AState of New Jersey, Department of Environmental Protection.* State of Massachusetts, Department of Environmental Protection.* Missouri Department of Natural Resources.5 College ofVeterinary Medicine, University of Missouri, Columbia,MO.0 DuPontv FMC Corporation.** Exxon Biomedical Sciences, Inc.* E l f A t o c h e m North America, Inc.* Department of Environmental Sciences, University of Colorado.
VOL 33, NO. 21,1999 / ENVIRONMENTAL SCIENCE 8t TECHNOLOGY • 3697



this is the exposure route that has been studied mostextensively to date. [Although arsenic is technically a met-al lo id , the term "metal" is used in this paper to refer to theelements arsenic and lead collectively.] The oral toxicity ofmetals is typ i ca l ly determined on the basis of studies in whicha soluble salt of the metal was dissolved in water or mixedwith f o o d . If the toxicity values used in risk assessments ofmetals in soil are based on studies using soluble forms of themetals, the impacts of soil exposures may be overestimated.For metals, reduced absorption from soil may be due to acombination of fac tors , including the presence of less solublespecies of the metal as well as interactions of dissolved metalswith soil constituents (e.g., sorption and precipitationreactions). These factors may limit metal dissolution fromsoil during passage through the gastrointestinal tract. Ab-sorption would then be reduced, because the primarymechanism of absorption for most metals is via passage ofdissolved species across the small-intestinal epithelium (1).To account for limited dissolution of metals from soil, it maybe important to determine the bioavailabil i ty of the elementin soil, relative to its bioavailability when it is solubilized inwater, to derive more accurate exposure estimates.
Because this document addresses issues related to thebioavailability of metals in soil in human health riskassessment, the de f in i t i on of bioavailability used through-out is the d e f in i t i on commonly used by mammalian toxi-cologists.

Definit ions
Bioavailability. Oral bioavailability is d e f ined as the frac t ionof an administered dose that reaches the central (b l ood)compartment from the gastrointestinal tract Bioavailabilityde f ined in this manner is commonly referred to as "absolutebioavailability", and is equal to the oral absorption fraction.

Relative Bioavailability. Relative bioavailability refers tocomparative bioavailabilities of d i f f e r e n t forms of a substanceor for d i f f e r e n t exposure media containing the substance(e.g., bioavailability of a metal from soil relative to itsbioavailability from water), expressed in this document as arelative absorption fa c t or (RAF).
Relative Absorption Factor. The RAF describes the ratioof the absorbed frac t ion of a substance from a particularexposure medium relative to the fraction absorbed from thedosing vehicle used in the toxicity study for that substance(the term relative bioavailability adjustment [RBA] is alsoused to describe this fac tor).
Bioaccessibility. The oral bioaccessibility of a substanceis the fraction that is soluble in the gastrointestinal environ-ment and is available for absorption. The bioaccessiblefraction is not necessarily equal to the RAF (or RBA) butdepends on the relation between results from a particular invitro test system and an appropriate in vivo model
The f o l l ow ing sections (1) discuss the mineralogy andsoil factors that influence the extent of lead and arsenicbioavailability, (2) present an overview of the in vivo studiesthat have been conducted for lead and arsenic in soil, (3)review the in vitro research that has been conducted to date,and (4) discuss some of the ongoing research on validationof in vitro extraction tests for estimating the oral bioavail-ability of arsenic and lead. This review is limited to arsenicand lead because relative bioavailability studies (e.g., in vivostudies) have been almost exclusively limited to these twoelements. However, many of the issues discussed herein arepertinent to other inorganic elements of human healthconcern (e.g., beryllium, cadmium, chromium, mercury, andnickel), particularly those that exhibit similar geochemicalbehaviors to arsenic and lead.

Minera log i c and Soil Factors that Control Bioavai labi l i ty
Lead and arsenic occur in soil as a complex mixture of solid-phase chemical compounds of varying partic le size andmorphology. These compounds include discrete mineralphases, coprecipitated and sorbed species associated withsoil minerals or organic matter, and dissolved species thatmay be complexed by a variety of organic and inorganicligands. The occurrence and relative distribution of anelement among these various phases, and the physicalrelation between the phases and the soil, will control ane l e m e n t ' s dissolution propert ie s and, hence, its bioavail-ability. The spatial heterogeneity of these complex mixturesin soil will be ref lected by variable metal bioavailability fromsoil at a site.

Changes in the distribution of an element among thesevarious phases over time re sul t ingfrom physical and chemicalweathering, biological processes, the inf i l tra t ion of water,and anthropogenic disturbances may change the bioavail-ability of that element The importance of these changes forhuman health risk assessment depends on the relative rateand magnitude of the changes .in bioavailability. Factors toconsider include the relative stability of the compoundreleased to soil, the potential for chemical or physicalalteration of this compound, the likely reaction product s(based on soil chemistry), and the likelihood of disturbancesthat may alter soil chemistry. For example, if highly solublelead acetate is released to soil, lead will rapid ly becomeincorporated in soil minerals, and its bioavailabil i ty willdecrease over time, to contrast, l i t t l e change would beexpected in the bioavailability of lead d i sper s ed in high-silica smelter slag (due to its relative insolubi l i ty), even af t erthis mining waste had remained in the environment fordecades. T h e r e f o r e , the identi ty of and po t en t ia l change inelemental speciation (and thus bioavailability) must beconsidered in predic t ing human health risk.
Lead. Lead concentrations in naturally occurring surficialsoils range from less than 10 to 700 m g / k g (2), with anarithmetic mean of 19 m g / k g for soils in the conterminousUnited Stat e s (n = 1319 (3)). Lead may occur in soils as nativepure mineral phases, such as lead s u l f i d e (PbS), lead s u l f a t e(PbSOJ, or lead carbonate (PbCOs). Lead s u l f i d e occursprimarily at mining, milling, smelting, and ore-handling sites.At mining and smelting sites, lead minerals may be encap-sulated within other soil mineral grains, such as quartz, whichlimit its bioavailability. to addition, lead minerals are o f t e npresent within the matrix of smelter slags and other pyro-metallurgical waste materials. Lead su l fa t e and lead carbonateare commonly found as mineral phases in soils; they canoccur through ine f f i c i en t pyrometal lurgical processes, butmore commonly, they result from precipitation reactions tosoils. Formation of lead s u l f a t e is favored in acidic soils, whilelead carbonate is favored in alkaline soils (4).

All of the lead forms discussed herein exhibit d i f f e r e n trates of lead dissolution, depending on their chemistry andparticle size distribution, die mechanism by which theydissolve (e.g., surface reaction or transport-controlled dis-solution kinetics), and the geochemistry of the soils to whichthey are present Figure 1 provides a schematic of theprocesses that are believed to control the bioavailability oflead to soil. Soil chemistry—including the presence of anionicspecies that form complexes with lead (e.g., organic acids,soil organic matter [SOM], phosphate, carbonate, s u l f i d e s ,chloride, and hydroxide], iron and manganese concentra-tions, soil pH, cation exchange capacity, and redox condi-t ions—determines the extent to which various dissolution,precipitation, complexation, and adsorption reactions occurfor lead to a particular soiL
Lead may also be coprecipitated with, or sorbed to, variousmineral phases that result f rom soil weathering. These
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Mineral Form:
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RGURE1. Schematic of how d i f f e r e n t lead species, particle sizes,and morpho log i e s a f f e c t lead b i oava i lab i l i ty .
minerals—including iron and manganese oxides, iron sul fa te s ,and phosphate minerals—tend to have variable lead com-positions and may be found either as discrete mineralparticles or as rinds on other soil particles (Figure 1). Mineralphases that form under acidic conditions (e.g., lead s u l f a t e ,iron—lead su l f a t e) will tend to be more stable in the acidicconditions of the stomach and hence less bioaccessible.Mineral phases that form under alkaline conditions (e.g.,lead carbonate, lead oxide) will be less stable in the acidicconditions of the stomach and more bioaccessible (Figure1). The phosphate minerals, in particular, have highly variablecompositions (5), which result in a wide range of bioacces-sibil i ty values. In addit ion, lead may be present bound tosu l fhydryl and carboxyl ligands on SOM, sorbed to clay andother metal oxide (Fe, Al, Mn) mineral surfaces, and asdissolved, complexed ionic species, such as Pb2"1", Pb(OH) + ,PbCl+, PbHCO 3

+, or Pb(CO3)2
2~. Each of these lead speciesmay have a d i f f e r e n t bioaccessibility, depending on themanner in which it is bound or complexed.Dissolution rate-controlling processes also are importantin determining oral lead bioavailability, because lead mustdissolve during the limited transit time in the gastrointestinaltract to become bioaccessible (6). Smaller particles havegreater ratios of surface area to volume and, hence, are morerapidly solubilized, resulting in greater bioaccessibility andultimately greater bioavailability (6—9). In general, less solublelead minerals (e.g., lead in calcium phosphates) dissolve bysurface-reaction-controlled kinetics, which are limited bysurface detachment of ions (9). More soluble lead minerals(e.g., lead oxide) dissolve by transport-controlled kinetics,where dissolution ions are detached very rapidly andaccumulate to form a saturated solution adjacent to themineral surface. The dissolution rate thus becomes controlledby the rate of transport of ions away from this saturatedlayer. The rate-limiting step for dissolution of lead mineralsof intermediate solubility (e.g., lead su l f a t e) is mixed or partialsurface-reaction-controlled kinetics (9), which contain ele-ments of both the above mechanisms. An understanding oflead mineral dissolution kinetics is important in determiningwhich lead species will contribute to bioavailable lead; thebioavailability of minerals that dissolve through the transport-controlled mechanism is sensitive to the extent of mixingand agitation in the gastrointestinal tract, while the bio-availability of minerals that dissolve through surface-reactioncontrol is sensitive only to transit time.Soil lead from anthropogenic activities also includes thatfrom paint, gasoline additives, and other commercial prod-ucts (e.g., lead acid batteries, cable coverings, ammunition,and solder). The most common forms of lead in paint are red

, which historically was used primarily onpaintedsteel, white lead (also known as basic lead carbonate [2PbCOs-Pb(OH)2l), basic lead su l fa t e (PbOrPbSOJ, and lead chromate(PbCrO4 (10)). Lead paints were manufactured by drying thelead pigments in sheets, stamping out small (approximately1 — 1 0 fim) particles of the material, and then mixing theseparticles in a binder material As a result, as paints weatherin soil, they release small particles of lead, which are likelyto be highly bioavailable (due to the solubility of lead oxideand carbonate species and the small particle size).Lead from gasoline used in internal combustion engines(primarily tetraethyl lead) is present as lead halides (e.g.,PbBrCI) in fresh exhaust but alters to lead carbonates, oxides,and sul fa t e s due to photochemically induced reactions duringatmospheric transport (11). As a result, lead from combustionof leaded gasoline is depos i t ed in soils as a mixture of leadhalides, carbonates, oxides, and su l fa t e s , which subsequentlyweather in soil (11). When organic lead forms (primarilytetraethyl and tetramethyl lead) are depos i t ed in soils dueto gasoline sp i l l s , they degrade to inorganic lead with thedegradation of the gasoline hydrocarbons (12). The resultinglead ions (Pb2+) par t i c ipa t e in the soil reactions discussedabove.
The lead species present in other commercial productsinclude elemental (native) lead (lead acid batteries, cablecoverings, and ammunition), lead s u l f a t e (also present inlead acid batteries), and t i n — l e a d alloys (solder). Elementallead particle s that are depos i t ed in soils quickly form coatingsof highly bioavailable lead oxide.Given the complex and dynamic nature of the soil leadcycle, it is clear that a s imple test for estimating leadbioavailability would be useful for quantifying both the ex-tent and rate of change in the bioavailability of lead fromsoils.
Arsenic. The manner in which arsenic occurs in soils canalso be viewed as a complex and evolving mixture. Arsenicconcentrations in undisturbed soils range f rom 0.1 to 97 mg/kg (2), with an arithmetic mean concentration of 7.2 m g / k gfor surficial soils in the conterminous United Stat e s (n =1257 (3)). Arsenic is subs tantially d i f f e r e n t f r o m lead, in thatit occurs in natural environments in two valence states:arsenic(IU) and arsenicfV). Typi ca l ly , arsenic(III) is presentin anoric conditions, while arsenic(V) is the dominant formof arsenic in oxic soils. Arsenic(in) may occur as unchargedAs(OH)3 in acidic soils and as an anion (AsOs3~) in alkalinesoils (13). Arsen i c(V) is present as an anion (HzAsO^ orH A s C V " ) in the natural pH range of soils (pH 4-8) (14). Thepresence of arsenic as anionic species causes it to be quitemobile in soils when it occurs in a soluble form.The primary anthropogenic sources of arsenic in theUnited States include releases from mining and smeltingoperations, agricultural uses (e.g., pest icides, insecticides,de fo l iant s , f eed additives, and livestock d ip s), tanningoperations, wood treatment/preservation operations, andreleases as a byproduct of burning coal.
Arsenic, like lead, may occur as s u l f i d e minerals (e.g.,arsenopyrite [FeAsSJ and enargite [CujAsS4]) at mining andmilling sites. The partic le size distribution of the arsenicspecies discussed herein, in combination with their chemicalcomposition, controls their bioavailability (Figure 2). Arsenicdissolution appears to be particularly sensitive to particlesize, e special ly for certain arsenic mineral phases, hi soils,arsenic may be present as the anthropogenic form in whichit was depos i ted (lead and calcium arsenates from pesticides,arsenic pentoxide from herbicides and fungic ide s , copper-chrome arsenate from wood treating, or arsenic d i s u l f i d efrom tanning operations) or as various soil alteration phasesof variable composition, such as arsenic in iron andmanganese oxides and in pho sphat e minerals (arsenatereplaces phosphate in the mineral latt ice; Figure 2). Arsenic
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IttlmralFam:
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RGURE 2. Schemat ic of how d i f f e r e n t arsenic species, p a r t i c l esizes, and m o r p h o l o g i e s a f f e c t arsenic b ioavai lab i l i ty .
di sp lays a propens i ty to coprecipitate with iron to form iron-arsenic oxides, the most common soil alteration phase forarsenic (15). Arsenic commonly co-occurs with lead in manysoil alteration phases, and the same range and complex i tyof soil lead reactions also take place for arsenic. The in vivoand in vitro studies conducted to date (discussed below)suggest that for a constant particle size, soil arsenic phasessuch as arsenic s u l f i d e s (arsenopyrite [FeAsS] and enargite[Cu3AsS4]) and arsenic dispersed in slag have lower relativebioavailability than iron—arsenic oxides, manganese—arsenicoxides, and lead—arsenic oxide (Figure 2).

Further information concerning the e f f e c t of arsenicmineralogy on the oral bioavailability of arsenic can begleaned from the Anaconda monkey study (discussed below).Arsenic mineralogy in f e ca l material from the monkeysindicated a mineral assemblage similar to that of thepreingested soil (15}. The s e data suggest that bioavailablearsenic from this soil originates primarily from dissolutionof either the surface-bound arsenic fraction or the exteriorportion of individual arsenic-bearing grains, rather thanthrough complete dissolution of any discrete arsenic mineralphase. Thus, the data provide mechanistic evidence for thelimited bioavailability of arsenic from this soil sample.
Review of in Vivo Database
This section provides a brief review of the in vivo studies thathave been conducted to determine the relative bioavailabilityof lead and arsenic from soil. The test substrates from thesoil studies described below constitute the validation samplesfor ongoing attempts to validate in vitro extraction tests. Thef o l l owing review is not intended to provide a discussion ofin vivo study design nor an exhaustive list of all the in vivostudies that have been conducted to date.

In Vivo Database for Lead. Gastrointestinal absorptionof lead in humans varies with the age, diet, and nutritionalstatus of the subject as well as with the chemical species andthe particle size of lead that is administered. Age is a well-established determinant of lead absorption; adults typical lyabsorb 7-15% of lead ingested from dietary sources, whileestimates of lead absorption from dietary sources in infantsand children range from 40 to 53% (16-18). For the purposeof modeling exposure to lead in soil, the U.S. EPA currentlyassumes that the absolute bioavailability of lead in diet andwater is 50% and that the absolute bioavailability of lead insoil is 30% for children (19). T h i s corresponds to a soil RAFof 0.60 (60%) for the bioavailability of soil lead relative tolead in water (i.e., RAF = 0.3/0.5).
In the studies described below, lead absorption fromingested soil was compared to absorption of soluble lead in

rats and swine, and the data were used to determine therelative bioavailability of soil lead (results are summarizedin Table 1). Soil samples f rom all of these in vivo studies areavailable for testing and form the basis for validation of invitro extraction tests.
EPA Region VIII has developed an oral lead bioavailabilityassay in a young swine model and has used this model toevaluate relative lead bioavailability in 19 substrates fromeight hazardous waste sites. In the young swine model, groupsof f ive swine ( 5 — 6 weeks of age) were dosed for 15 days withvarying concentrations of lead in soil (<250-/«n size fract ion)or lead acetate. The swine were dosed twice daily, with thef irs t dose delivered af t er an overnight f a s t , and the seconddose was delivered in the afternoon af t er a 4-h fa s t Theswine were fed 2 h a f t e r each dosing. Serial blood sampleswere collected during the study and analyzed for leadconcentration. At the completion of the study, samples ofblood, bone (femur), liver, and kidney were collected andanalyzed for lead concentration. The resulting data were usedto estimate relative lead bioavailability from the test sub-strates. A more detailed discussion of this model is found inCasteel et al. (20).
To date, f inal study reports have been released for eightsites ((21-27,64) Tabl e 1). Relative bioavailability estimateshave also been developed for lead in unweathered, galena-enriched soil and for paint mixed with soil (28,29). RAFs forthe 19 substrates range from less than 0.01 to 0.90, based onmeasurement of lead in blood, bone, liver, and kidney (valuescited in Tab l e 1 are recommended point estimates based ona combination of these data, with blood data weighted mostheavily). In general, the samples that produced the least leaduptake were derived from tailings, smelter slags, and soilfrom mining sites, while soils f r o m the vicinity of smeltersgenerally yielded higher RAFs. An exception to this observa-tion occurs for carbonate rich soils at mining areas (such asJ a s p e r , MO), where lead carbonates, which yield high leadbioavailability, tend to predominate in the lead mineralassemblage.
Several studies of relative lead bioavailability from soil atmining and smelting sites have been conducted in a weanlingrat model (30—34). T h e s e studies involved dosing groups off ive weanling rats for 30 days with varying concentrations oflead-bearing soil (<250-/<m size fract ion used hi all studies,except Dieter et al. who used <38-fim material) or lead acetatehi the diet. At the end of the studies, lead concentrationswere measured in blood and bone (femur) and various s o f ttissues (liver, kidney, and brain), depending on the study.RAFs developed from these studies ranged from 0.087 to0.41 (Table 1), depending on the origin of the various materialsstudied. As with the swine studies, the lead forms in thesamples tested ref lec t their origin. The sites that producedthe lowest lead absorption were mining and tailings sites(primarily lead s u l f i d e and lead su l fa t e), and those thatproduced the greatest proportion of bioavailable lead weresoils from the vicinity of historical lead and zinc smelters(lead forms present include common soil alteration phases:iron-lead oxides, manganese-lead oxides, lead phosphates,and lead carbonate).
Over the last several years, considerable e f f o r t has beenapplied to developing chemical amendments that wouldreduce the bioavailability of lead in soils by changing themineral species of the lead (5,35-38). These amendmentshave generally been phosphate based, and they rely on theformation of pyromorphite [(PbstPO^sX, X = C l or O H ] - t y p eminerals, which are quite insoluble, to reduce the oralbioavailability of lead. If they are determined to provide long-term reductions in lead bioavailability, these amendmentscould provide a c o s t - e f f e c t i v e remedial option for lead-contaminated soils. The young swine model discussed abovehas been used to evaluate the relative bioavailability of lead
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TABLE 1 : Val idat ion Study Substrates
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42 4949
' All swine-based RBA estimates are recommended point estimates based on blood and tissue data from EPA Region VIII reports. All rat-basedRBA estimates are based on measurements of blood lead. * S t a n d a r d deviation from Monte Carlo simulation. "Standard deviation across set ofswine (n=5) for each substrate. ''Joplin samples collected and characterized by Missouri DNR. In vivo swine studies conducted at U. of Missouriand f u n d e d by EPA Region VII. • Oklahoma samples col lec ted and characterized by N i c k Basta (Oklahoma State U.). In vivo studies by S t a n Casteel(U. of Missouri). ' C a l c u l a t e d f rom data in cited reference. * No statistical d i f f e r e n c e was noted between blood and tissue lead based RBA estimatesfor Skagway ore concentration and PbS. * RAF = relative adsorpt ion factor. 'TOC = total organic carbon.' No analysis p er f ormed .

from phosphate-amended soils at a site in J o p l i n , MO. Boththe Missouri Department of Natural Resources and EPARegion VII are participants in this projec t , which is beingconducted under the auspices of the U. S. EPA RemedialTechnology Development Forum (RTDF). A description ofthe amendment studies can be obtained from the RTDF Web

site at h t t p : / / w w w j t d f . o r g / i i n e r t h t m .Control and chemically amended soils evaluated in theswine model to date include (all of the phosphate amend-ments used phosphoric acid, unless otherwise noted) thefol lowing: (1) laboratory control and laboratory-amendedsoils (1% phosphate in soil at f i e ld-capaci ty moisture content
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incubated for 70 days, and 0.5% phosphate incubated at 55°C for 1 year and subjected to we t /dry cycles every 2-3 weeks);(2) f i e l d control and amended soils (0.5 and 1.0% phosphateaf t e r 3 months of f i e l d weathering, and 1% phosphate asT r i p l e Super Phosphate p lu s 1% iron as amorphous ferrichydroxide a f t e r 3 months of f i e l d weathering); and (3) f i e l dcontrol and amended soil (1.0% phosphate, 18 months off i e l d weathering).Results f rom these animal studies (Table 1 (39-41, 63))suggest that phosphate-based amendments maybe e f f e c t i v eat reducing lead bioavailability from J o p l i n soils by 25-40%.
In Vivo Database for Arsenic. Both the cancer slope fa c t or(CSF) and reference dose (RfD) used to assess the cancerrisks and other adverse health e f f e c t s , respectively, that mightbe associated with oral exposure to arsenic (42) were derivedfrom an epidemiological study that characterized healthe f f e c t s in a populat ion of Taiwanese who consumed drinkingwater containing arsenic (43, 44). After ingestion, water-soluble forms of inorganic arsenic are absorbed extensivelyfrom the gastrointestinal tract of humans and most laboratoryanimals. Because most absorbed arsenic is excreted rapidlyin urine, urinary arsenic measurements provide a lower limiton the estimate of oral bioavailability. In die studies describedbelow, arsenic absorption from ingested soil was comparedto absorption of soluble arsenic in swine, monkeys, andrabbits, and the data were used to calculate the relativebioavailability of soil arsenic.The bioavailability of soil arsenic has been evaluated inthe young swine assay that was designed init ial ly by EPARegion VIII to estimate lead bioavailability. During the leadstudies, EPA also evaluated 14 samples for relative arsenicbioavailability. In the young swine model, groups of f ive swine( 5 — 6 weeks of age) were dosed twice daily for 15 days (asdescribed above) with varying concentrations of arsenic insoil or slag or with sodium arsenate. Urinary arsenic data forthe 14 substrates indicate that relative arsenic uptake in thesestudies varied from near 0 to 50% (Table 1), with the exceptionof two samples from Aspen, CO that contained arsenicconcentrations that were too low (less than 100 m g / k g ) toproduce reliable RAF values (45). Arsenic bioavailabilitydepended on the form of arsenic present in the sample (Table1(45)). Soil samples containing only smelter waste or tailingsin stream sediments contained the greatest amount ofbioavailable arsenic (RAFs ranged from 0.34 to 0.52), whilesamples containing smelter slag produced intermediatevalues (RAFs ranged from 0.15 to 0.51; Tab l e 1). Soil samplescontaining only mining waste (Butte), or a mixture of miningwaste and smelting waste (two Leadville soil samples),contained the least bioavailable arsenic (RAFs range from—0.08 to 0.28). Thi s f ind ing is not unexpected, because arsenicin mining waste may be present in larger particle sizes andless soluble forms (e.g., s u l f i d e s ) (46).During the EPA Region VIII swine studies for arsenicbioavailability, arsenic mass recovery was quite low (23 and36%, respectively, for sodium arsenate and Grant-Kohrs [GK]tailings (45)). The reason for this is not clear. Because thebasis for this low recovery is unknown, its significance is alsounclear. If the mechanism leading to this low recovery issystemic and appl i e s equally to all dosing materials, then theRAFs are expected to be correct Only if the mechanism a f f e c t sarsenic recovery d i f f e r e n t l y for d i f f e r e n t treatment groupswould the RAFs be incorrect. This d i f f i c u l t y with the swinemodel causes considerable uncertainty regarding the ac-curacy of the RAFs derived from this model However, at thistime, the most comprehensive assessment of relative arsenicbioavailability from a variety of d i f f e r e n t environmentalsubstrates is based on the young swine modelThe University of Missouri used the same swine protocolto determine relative arsenic bioavailability from eightmineral processing waste samples from Oklahoma. Arsenic

mass balance was not evaluated during these studies. TheOklahoma samples are either a calcine material (low pH and, TOO mixed with soils or an iron slag (neutral pH and higherTOG; Table 1). These eight samples produced arsenic RAFsranging from 0.027 to 030 (Table 1 (47)).In one of the f ir s t studies of the relative bioavailability ofarsenic in weathered soil, New Zealand White rabbits wereused to study the oral absorption of arsenic in a soil samplefrom Anaconda, Montana that had been a f f e c t e d primarilyby emissions from a copper smelter (48). Mineral speciationresults indicated that arsenic in the soil was present primarilyas c o p p e r — l e a d — a r s e n i c oxides and iron—arsenic oxides, withminor contributions from enargite (copper—ar s en i c s u l f i d e ) ,slag, arsenic phosphate s , and copper-Iead-arsenic silicates.The rabbits were dosed with arsenic in soil as well as receivingsoluble sodium arsenate by gavage and by intravenousinjection. Based on urinary arsenic data, the RAF wasestimated to be 0.48.Relative arsenic bioavailability from a composite resi-dential soil from the Anaconda smelter site was determinedin a second animal model, the monkey (49). Althoughcollected from a d i f f e r e n t area of the site, die mineralogy ofthe composite soil sample used in the monkey bioavailabilitystudy was nearly identical to that of the soil used in the rabbitstudy. Three f emale Cynomolgus monkeys were administeredsingle oral doses of soil, house dust, or soluble sodiumarsenate by gavage or intravenous injection, using a round-robin study design. Based on urinary arsenic data, the RAFswere estimated to be 0.20 for arsenic in soil and 0.28 forhouse dust. Based on the above studies, it is clear thatconsiderable evidence exists for the reduced bioavailabilityof arsenic f rom son relative to soluble arsenic. However, theavailable arsenic in vivo database is not as comprehensiveor well resolved as that for lead. In addition, the model thathas been used most extensively for arsenic, young swine,may have limitations associated with it (e.g., low arsenic massrecovery for unknown reasons), the importance of whichremains to be determined.
In Vitro Extraction T e s t s
S i m p l e extraction tests have been used for several years toassess the degree of metals dissolution in a simulatedgastrointestinal-tract environment (50-52). The predecessorof these systems was developed originally to assess thebioavailability of iron from f o o d , for studies of nutrition (53,54). In these systems, various metal salts or soils containingmetals are incubated in a low-pH solution for a periodintended to mimic residence time in the stomach. The pHis then increased to near neutral, and incubation continuesfor a period intended to mimic residence time in the smallintestine. Enzymes and organic acids are added to simulategastric and small-intestinal f lu id s . The fraction of lead,arsenic, or other metals that dissolve during the stomachand small-intestinal incubations represents the fraction thatis bioaccessible (i.e., is soluble and available for absorption).For example, the European Standard for S a f e t y of Toys (55)provides for an extraction test to evaluate the bioaccessibilityof eight metals (including arsenic and lead) from c h i l d r e n ' stoys. The European method involves extraction of theparticular metal (toy material reduced to <500 /an in size,at a liquid-to-solid ratio of 50:1) in pH 1.5 (HC1) f lu id at 37± 2 °C for 2 h. This method has been in use since 1994 bythe 18 member countries of the Comite European deNormalization (CEN) to regulate the s a f e t y of toys.Variation in the bioaccessibility of arsenic, chromium,nickel, cadmium, and lead, as a function of liquid-to-solidratio, was evaluated by Hamel et al. (56). These authorsdetermined that bioaccessibility in synthetic gastric juicewas a f f e c t e d only s l ight ly by changes in the liquid-to-solidratios in the range of 100:1 to 5000:1 ( m L / g ) . R u b y e t a L (52)
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demonstrated that for a set of seven soils that had beenevaluated for relative lead bioavailability in a weanling ratmodel, the stomach phase of the in vitro test at a pH valueof either 13 or 2.5 correlated with BAFs from the in vivomodel (r 2= 0.93 at both pH values, p < 0.01). More recently,a revised version of the extraction test ( d i f f e r e n t test cell andstirring method) developed in die laboratory of Dr. JohnDrexler, at the University of Colorado at Boulder, hasindicated that data f rom the stomach phase of the testcorrelates well with in vivo data for samples used in a seriesof young swine studies conducted by EPA Region VHI andthe University of Missouri (r2 = 0.85, n = 15 (57)). Theseresults indicate that the extent of lead dissolution in die acidicstomach environment of the extraction test is predictive ofrelative lead bioavailability in two animal models (weanlingrats and young swine). Final ly , concentrations of lead,extracted from house dust by the method of Ruby et aL atpH 3.0 (stomach phase only), correlated with blood leadvalues for children living in the homes from which theparticular house dust was collected (r * = 0.79, n = 7 (58)).
Further research by Dr. Drexler has resulted in a stream-lined extraction test for estimating relative lead bioavail-ability: 1-h extraction (mixing by end-over-end rotation at37 °C) of 1 g of soil (<250-^m size fract ion) in 100 mL ofb u f f e r e d (HQ and gtycine) pH 1.5 solution. Preliminaryresultsfor this test appear to correlate well with relative leadbioavailability values f r om the EPA Region VIII swine studies(59). A formal validation of this extraction test in threeindependent laboratories is currently being conducted(described below).
For arsenic, the correlation between in vitro and in vivoestimates of relative arsenic bioavailability is less clear,primarily due to a less comprehensive and reliable in vivodatabase (discussed above). Recent research in the laboratoryof Dr. Nick Basta (Oklahoma State University) indicates thatresults f rom both stomach-phase (pH 1.8,60 min in a stirredf l a s k at 37 °C) and small-intestinal-phase (pH 5.5, bile acids,pancreatic enzymes, 60 min in a stirred f l a s k at 37 °Qextractions correlated equally well with RAFs from the EPARegion Vin young swine m o d e l f o r 13 mining-related samples(rz = 0.69 and 0.67, respectively, p < 0.01 (47)). As with lead,these data suggest that the extent of arsenic dissolution duringan acidic gastric-like extraction is predictive of RAFs in theyoung swine model.

The S o l u b i l i t y / B i o a v a i l a b i l r t y Research Consort ium( S B R C )
To further the development and acceptance of in vitromethods for estimating metals bioavailability from soil, astakeholder group was formed in January 1997, titled theSolubi l i ty/Bioavai lab i l i ty Research Consortium (SBRC). TheSBRC is a collaborative e f f o r t among scientists from acadernia,government agencies, consulting firms, and industry. It wasconvened to develop and validate in vitro methods forestimating the relative bioavailability of metals in contami-nated soils. F u n d i n g f o r the SBRChas been provided primarilyby the industrial members of the group. The New JerseyDepartment of Environmental Protection (DEP) and theMassachusetts DEP have participated by providing input tothis research e f f o r t

The initial goal of the SBRC is to develop and validate anextraction test that correlates with in vivo measurements ofrelative lead bioavailability from soil in an immature swinemodel (discussed above). Once this has been accomplished,the extraction test will be available for use in deriving site-spe c i f i c human exposure estimates. Data have been collectedsimultaneously for arsenic and used to evaluate the ap-plicabil i ty of the test for arsenic bioavailability determination.Every e f f o r t is being made to develop tests that are simple,

convenient, and reproducible and to disseminate these testprotocols for general use in risk assessment.
The SBRC's ongoingresearch includes an in vitro methodvalidation study for lead and arsenic in three independentlaboratories (each extracting blind triplicates of each in vivotested material), ongoing laboratory research to elucidatethe factors that control arsenic bioaccessibility under simu-lated gastric and small-intestinal conditions, and e f f o r t s to•develop a more comprehensive in vivo database for relativearsenic bioavailability from soil. Future work will most likelyinvolve application of the existingin vitro test, or developmentof alternative tests, to other inorganic elements of humanhealth concern (e.g., beryllium, cadmium, chromium, mer-cury, and nickel).

Discussion
One of the thorny issues fac ing the SBRC is the question ofwhat constitutes "validation" of a bioaccessibility test fordeveloping s i te-speci f ic exposure values for use in humanhealth risk assessment The polar viewpoints appear toadvocate either that such a test must be "validated" exten-sively against appropriate animal models for each newelement or tha t—g iven our current understanding of themechanisms that control metals bioavailability from soil-the existing bioaccessibility tests are more appropriate thananimal studies and do not require "validation" at all. Betweenthese viewpoints are more moderate perspectives, whichmight include "validation" against animal models for sp e c i f i celements, or classes of elements (e.g., cations versus anionswhen dissolved in solution), rather then rigorous "validation"studies for every element. Validation e f f o r t s for lead andarsenic have depended on large in vivo databases developedover the past decade. Similar databases are not available forother metals, requiring that alternative approaches beconsidered.

All of the animal models currently in use for bioavailabilityassessment, with the possible exception of monkeys, havesubstantial anatomical and physiological d i f f e r enc e s fromhumans (60,61), andnone of these models has been validatedagainst estimates of metal absorption in either children oradults (only one soil sample has ever been studied for oralmetals bioavailability in humans [lead only (62)], althoughrough oral absorption estimates can be derived from site-s p e c i f i c exposure studies that have been conducted inhumanpopulations). Thus, it is possible that the animal models usedmost extensively to date (rats and swine) may produce relativebioavailability estimates that are not equal to those inhumans.
The research to date indicates that the extent of lead andarsenic dissolution in the acidic environment of the stomachis predictive of relative oral bioavailability of these elementsin animal models. Although lead and arsenic are absorbedthrough the intestinal epithelium, these results suggest thatthe rate-controlling step in oral lead and arsenic absorptionis dissolution in the stomach rather than absorption acrossthe intestinal epithelium. As a result, the extraction testrequired to simulate the rate-controlling process is quitesimple. Given this simplicity, the test is likely to be morereproducible (i.e.,have smaller discrepancy between replicatemeasurements) and sensitive (i.e., capable of being used atlower soil lead and arsenic concentrations) than a well-designed in vivo study for the same soil. Based on theapparent f ea s i b i l i ty of developing extraction tests for bio-availability assessment, the observed range of relative leadand arsenic bioavailability, and the great d i f f e r e n c e in costbetween in vivo and in vitro models (a fac tor of 500-1000),the development of such tests appears to be a worthwhilegoal
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